Abstract Phenoloxidase (PO) activity plays a key role in the innate immune responses of insects, which catalyzes the biosynthesis of quinones and other reactive intermediates to eliminate invading pathogens and parasites. This study was conducted to characterize the biochemical properties of the PO enzyme from the hemocytes of the cotton bollworm Helicoverpa armigera Hu¨bner. The maximum activity of PO occurred at pH 6 and at 30°C and it was stable for 12-24 h. The MichaelisMenten constant (K m ) and the maximal velocity (V max ) were determined as 1.86 mM and 0.35 U/ mg protein, respectively. This is the first report of PO characterization in H. armigera from Iran that provided biochemical optimized conditions for its activity, and with these ongoing studies, our aim will be to develop new strategies for cotton bollworm control using disruptors of the immune system.
Introduction
Cellular immunity covers nodule formation, encapsulation and phagocytosis process, and humeral immunity contains enzymatic process like the proPO cascade (Ashida and Brey, 1998; Cerenius and Soderhall, 2004) . Phenoloxidase (PO) (EC 1.14.18.1) is an important enzyme in the immune system that is effective in the melanin pathway (Soderhall and Cerenius, 1998) . Microorganisms, animals and plants use this enzyme in the innate defense reactions (Sa´nchez-Ferrer et al., 1995; Chase et al., 2000) . Active phenoloxidase carries out hydroxylation of monophenols to produce diphenols and then oxidizes them to quinones (Sugumaran, 2002; Nappi and Christensen, 2005) . Enzymatic reactions like PO cascade and some of the non-enzymatic reactions lead to melanin formation from quinone at the final step of nodulation and encapsulation. Also, phenoloxidase plays a key role in melanin production during cuticle sclerotization at external wound sites and during defense responses, i.e., nodulation (Mason, 1955; Ratcliffe et al., 1984; Cerenius et al., 2008) .
Helicoverpa armigera (Lepidoptera: Noctuidae) is a serious pest with a broad distributionworldwide which causes damage to many agricultural crops (Zalucki et al., 1986; Fitt, 1989) . Some of plant hosts for this pest contain cotton, tomato, pigeon pea, chickpea, groundnut, sorghum, pearl millet etc., (Raheja, 1996) . Nowadays, application of conventional insecticides is recommended as commonplace in Iran. Overusing of these compounds causes concern about creature environmental pollution and destruction of natural enemies in agronomy ecosystems (Saadati et al., 2012) . Hence, alternative methods such as host plant resistance, biological control, development of transgenic plants and using of entomopathogenic agents are needed in the struggle to manage H. armigera (Pauchet et al., 2008) . The use of the entomopathogenic fungus such as Metarhizium anisopliae, Beauveria bassiana and Paecilomyces fumosoroseus as potential biocontrol factors were recommended against H. armigera larvae and pupae as spray and soil treatment, respectively (Nguyen et al., 2007) . The characterization of the PO enzyme as a main part of immune system improved the efficiency of B. bassiana treatments against sunn pest adults (Zibaee and Bandani, 2010) .
The study of biochemical details of the PO enzyme would be necessary to discuss the molecular and physiological mechanisms of the immune system (Beckage, 2008) . The current study demonstrates the partial characterization of the PO enzyme in H. armigera hemocytes for the first time in Iran. This investigation was aimed to elucidate optimized conditions of PO activity as a part of immunity reactions in cotton bollworm. Also, we will attempt to understand the biochemical reactions of PO enzyme after wounding in hemolymph collection from H. armigera.
Materials and methods

Insects
Larvae of H. armigera Hu¨bner (Lepidoptera: Noctuidae) was collected from the Moghan cotton farms and reared on artificial diet in the laboratory at 27 ± 2°C Temp., Light 16 h: Dark 8 h (Photoperiod) and 50 ± 5% relative humidity.
Collection of hemolymph
Last instar larvae were selected as enzyme sources of hemolymph. To collect hemolymph, prolegs were removed and hemolymph was allowed to drip into microtubes. Approximately 40 ll of hemolymph was obtained from each individual. It was mixed with anticoagulant solution in the ratio 4:5, immediately (400 ll hemolymph: 500 ll anticoagulant solution) (0.01 M EDTA, 0.1 M glucose, 0.062 M NaCl, and 0.026 M citric acid, pH 4.6) (Azambuja et al., 1991) .
PO preparation
The diluted hemolymph was centrifuged at 12,000g for 5 min, and then the supernatant was removed and the pellet washed using phosphate buffer (K 2 HPO 4 65 mM,KH 2 PO 4 2.6 mM, NaCl 400 mM and NaN 3 3 mM; pH = 6.5) (two times) (Leonard et al., 1985) . The pellet was homogenized after adding 500 ll of cold phosphate buffer, and then centrifuged at 12,000g for 15 min. The hemocyte lysate supernatant (HLS) was transferred into new microcentrifuge tubes.
Samples were preincubated with phosphate buffer at 30°C for 30 min., then 50 ll of 10 mM L-dihydroxyphenylalanine (L-DOPA) as substrate was added and incubated for 5 min at 30°C. PO activity was measured using a spectrophotometer (S 2100 Diode Array spectrophotometer) at 490 nm wavelength. One unit was described as 0.01 absorbance increase at 490 nm/min (Zibaee et al., 2011) . Three biological replications were used to determine the average of PO activity in all experiments.
2.4. Kinetic parameters (V max and K m ) of PO PO kinetic parameters were measured by mixing different concentrations of L-DOPA (3, 3.5, 4, 5, 6, 7, 8, 9 and 10 mM) with 50 ll of enzyme solution and then the absorbance was read at 490 nm. The Michaelis constant (K m ) and the maximal velocity (V max ) were calculated by Sigma plot software version 12. The data of K m and V max were fixed as the means ± SE of three replicates (n = 3) for each concentration.
2.5. Assay of the optimal pH and stability of PO enzyme Measurement of PO activity at different pHs was performed using 10 mM L-dihydroxyphenylalanine (L-DOPA) as substrate. The optimal pH was determined in the pH range of 4-10 at 30°C using 25 mM Tris-HCl buffer. On the other hand, the stability of the PO enzyme at different pHs was determined by the keeping experimental solution in an incubator for 6, 12, 24, 48 and 72 h at optimized pHs (pH 6, 7 and 8; see results) (Liu et al., 2006) . Three biological replications were used for every pH value.
2.6. Assay of the optimal temperature and stability of PO enzyme Measurement of PO activity at different temperatures was performed using 10 mM solution of L-dihydroxyphenylalanine (L-DOPA) as substrate. The enzyme solution was preincubated at 25, 30, 35, 40, 45, 50, 55 and 60°C for 30 min and then PO activity was determined for them. Finally, the highest activity of PO is considered as optimum temperature. Stability of the enzyme at optimized temperatures (25, 30 and 35°C; see results) was determined by keeping the experimental solution in an incubator for 6, 12, 24, 48 and 72 h at the mentioned temperatures (Liu et al., 2006) . Three biological replications were used for every temperature value.
Protein content determination
The total protein of PO preparation was measured according to the method of Bradford (1976) , using bovine serum albumin (Bio-Rad) (Sigma) as the standard protein.
Statistical analysis
Data were compared by one-way analysis of variance (ANO-VA) followed by Duncan's studentized test at p < 0.05 (SAS, 1997). Differentially activities were shown (as different letters) in figures.
Results
Determination of the kinetic parameters of PO enzyme
The kinetic parameters of the PO enzyme on L-DOPA oxidation were determined as explained in section 2.4. Under the mentioned conditions, PO oxidizes L-DOPA as followed in the Lineweaver-Burk kinetics. These parameters contain V max (Maximal velocity) and K m (Michaelis constant) which were calculated as 0.35 lmol/min/mg protein and 1.86 mM, respectively (Fig. 1). 
Effect of pH on PO activity
The effect of pH on PO activity in H. armigera hemocytes was determined using L-DOPA (10 mM) as substrate at different pHs at 30°C. Results showed that the activity of PO at pH 6, 7 and 8 was more than that in comparison to the other pHs. However, the highest and lowest of PO activities were observed at pH 6 (0.314 lmol/min/mg protein) and 4 (0.132 lmol/min/mg protein), respectively (Fig. 2) . After that, the stability of PO was determined at pHs of 6, 7 and 8 for 72 h. Results showed that the enzyme activity was stable for 24 h and then differential reduction occurred at all pHs (Fig. 2) .
Effect of temperature on PO activity
The effect of temperature on PO activity in H. armigera hemocytes was studied at various temperatures from 25 to 60°C (Fig. 3 ). However, the highest level of enzyme activity differentially occurred from 25 to 35°C which was more than that in the other temperatures. The highest and lowest of PO activities were observed at the 30 (0.308 lmol/min/mg protein) and 55°C (0.202 lmol/min/mg protein), respectively. Stability of the enzyme was studied at temperatures ranging from 25-35°C for 72 h. Results showed that the enzyme activity was stable for 12 h and then a sharp decrease occurred at all temperatures (Fig. 3) .
Discussion
In insects, phenoloxidases have important roles in normal developmental and physiological processes, such as cuticular tanning, sclerotization, wound healing, encapsulation and nodule formation (Lokstan and Li, 1988) . In this study the kinetic parameters of the enzyme were determined by analyzing Lineweaver-Burk plots in which V max (Maximal velocity) and K m (Michaelis constant) were calculated as 0.35 U/mg proteins and 1.86 mM, respectively. These data showed that the K m value of H. armigera was higher than that of other insects, such as the Apis mellifera L. (Hymenoptera: Apidae) with 0.17 mM (Zufelato et al., 2004) , Drosophila melanogaster L. (Diptera: Drosophilidae) with 1.30 mM (Wang et al., 2004) , Pieris rapae L. (Lepidoptera: Pieridae) larvae with 0.8 mM (Xue et al., 2006) and Ostrinia furnacalis G. (Lepidoptera: Pyralidae) larvae with 0.92 mM (Feng et al., 2008) , on the other hand it was lower than that in Heliothis virescens F. (Lepidoptera: Noctuidae) with 2.25 mM (Lockey and Ourth, 1992) , Musca domestica L. (Diptera: Muscidae) pupae with 3.93 mM (Wang et al., 2004) and Eurygaster integriceps P. (Hemiptera: Scutelleridae) with 10 mM (Zibaee et al., 2011) . The differences in substrate-protein contact points or differences in the size of the substrate-binding pocket can affect substrate catalysis by PO in different insects (Feng et al., 2008) . Our results suggest that the low K m of PO in H. armigera may be related to the higher affinity of the enzyme to L-DOPA in comparison to the other insects.
Our data showed that the optimal pH of the PO activity in cotton bollworm was 6, although there was no significant difference among pHs 6, 7 and 8. These results were similar to the optimal pH of PO in the Bombyx mori L. (Lepidoptera: Bombycidae) (pH 6, Ashida, 1971) , P. rapae (L.) (pH 7, Lepidoptera: Pieridae) (Xue et al., 2006) and sunn pest, E. integriceps P. (Hemiptera: Scutelleridae) (pH 6, Zibaee et al., 2011) . Also, it was different from Sarcophaga bullata P. (Diptera: Sarcophagidae) (pH 4, Barrett, 1986) and H. virescens F. (Lepidoptera: Noctuidae) (pH 9, Lockey and Ourth, 1992) . The different species and survival conditions (for example, temperatures and invading pathogens) have been considered as main factors in changing of optimal pH and temperature (Liu et al., 2006) .
Our results showed that the highest level of PO activity in H. armigera occurred at 30°C, although, there are no significant differences with 25 and 35°C. Our data about optimal temperature of PO activity were similar to those in other insects such as Locusta migratoria L. (Orthoptera: Acrididae) (30-35°C, Cherqui et al., 1998 ) and E. integriceps P. (30-35°C, Zibaee et al., 2011) . Also, it was different with H. virescens F. (45°C, Lockey and Ourth, 1992) , Hyphantria cunea (D.) (Lepidoptera: Arctiidae) (35-40°C, Ajamhassani et al., 2012) and S. bullata P. (40°C, Wang et al., 2004) . Zibaee et al. (2009) stated that the main effective agent on PO activity was the temperature in which enzyme activity increased according to increasing temperature , but in high temperatures the enzyme activity and the rate of the reaction decreased sharply, simultaneously. It is well known that the biochemical properties of the phenoloxidase enzyme were affected by different pHs and temperatures; different types of inhibitors and activators (Thomas et al., 1989) .
One of the main goals in the study of enzyme characterization is finding new strategies for pest control using various inhibitors to disrupt enzymatic reactions in normal conditions (Saadati et al., 2008) . In order to be of practical use for the production of enzyme inhibitors, Enzyme targeting and characterizing should have been appropriately performed (Saadati et al., 2007) . These results could be appropriate to describe comparative biochemistry about PO properties; also it can improve our knowledge of the immune system of cotton bollworm and provide new opportunities for non chemical control of this important pest in future. Figure 3 Effect of temperature (°C) on the activity and stability of the hemocyte lysate extracted phenoloxidase in H. armigera. The optimum temperature was determined by assaying enzyme activity at various temperature values using phosphate buffer pH = 6.5. Different letters show significant differences among means (Duncan's test, p h 0.05).
